A B S T R A C T The effects of phenobarbital treatment for 12 days on the regional distribution of blood flow and on the disposition of two model drugs, antipyrine and d-propranolol, have been determined in six unanesthetized rhesus monkeys. Phenobarbital significantly increased total hepatic blood flow from 179±15 to 239± 27 ml/min. Liver weight was increased to a similar degree (34%) in phenobarbital-treated animals as compared to control monkeys. The clearance of both antipyrine and d-propranolol was increased and the halflife decreased significantly by phenobarbital. Analysis of the data by a perfusion-limited pharmacokinetic model showed that the changes in antipyrine clearance were due almost entirely to enzyme induction. On the other hand, with d-propranolol, the increase in liver blood flow contributed as much to the enhanced clearance as did the stimulation of drug metabolism. The mechanism by which phenobarbital produces the frequently observed increase in drug clearance, therefore, depends upon the initial clearance value of the drug. For low clearance drugs like antipyrine, clearance changes occur largely as a result of enzyme induction. With higher clearance drugs, the effects of increased hepatic blood flow become
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INTRODUCTION
The ability of phenobarbital to increase the rate of elimination of a large number of drugs and hormones is generally attributed to an increase in the activity of the drug-metabolizing enzymes (1) . However, phenobarbital increases hepatic blood flow in the rat (2) , an effect which could also contribute to enhanced drug elimination under some circumstances (3) . The effects of alterations in hepatic blood flow on hepatic drug clearance depend on the initial hepatic extraction ratio for the drug in question. Thus, changes in flow affect the clearance of drugs with an initially high hepatic extraction ratio, like lidocaine (4, 5) , to a greater extent than those with an initially low hepatic extraction ratio, like oxyphenbutazone (6) .
The dual effect of phenobarbital has been demonstrated in the present study using the unanesthetized rhesus monkey. An estimate has also been obtained of the relative contributions of enzyme induction and increased liver blood flow to the increased clearance of two model drugs, antipyrine, exhibiting a low hepatic extraction ratio, and d-propranolol, which has a higher extraction ratio (7) . (8, 9) . By using microspheres labeled with various nuclides (51Cr, '4Ce, "Sr, mlI, or 9Nb), several serial estimates of the regional distribution of cardiac output could be made in the same animal.
METHODS
pranolol on consecutive days in random order. A bolus of 50 mg/kg of antipyrine was followed by a constant infusion of 0.3 mg/kg per min at 0.191 ml/min. A bolus of 0.5 mg/kg of d-propranolol was followed by a constant infusion of 6 ,ug/kg per min at 0.191 ml/min. Arterial blood samples (4 ml for propranolol, 3 ml for antipyrine) were taken 30 and 60 min after the start of the infusion. After the second sample, the infusion was stopped, and further blood samples were taken at 15, 30, 45, 60, 90, and 120 min. The plasma was separated and the red cells resuspended in saline and returned to the monkey. Hemodynamic measurements and the determination of regional blood flow were performed between the two blood samples taken during the steady-state infusion of both drugs. After the control measurements, phenobarbital elixir (5 mg/kg per day) was administered orally for 12 days. In four monkeys the steady-state arterial concentration of antipyrine during a constant infusion was measured on successive days, and in two of these monkeys the plasma concentration of phenobarbital was also measured during phenobarbital administration. Phenobarbital was discontinued on the 12th day, and 2 days later the initial protocol for measuring the kinetics of elimination of antipyrine and d-propranolol was repeated. Hemodynamic data obtained during the infusions of antipyrine and d-propranolol did not differ significantly and were pooled for the control period and for the postphenobarbital period. However, for calculations of drug kinetics, data obtained during infusion of each drug was used. The hematocrit was measured before and after the total experiment. Organ weights of these six monkeys were compared to organ weights of 14 monkeys previously dissected in this laboratory who were not receiving phenobarbital.
Propranolol was assayed on 2-ml plasma samples by the method of Shand, Nuckolls, and Oates (10) . The blood-toplasma drug concentration ratio before and after phenobarbital treatment was 0.814±0. 17 
RESULTS
The effect of phenobarbital on regional distribution of flow. The total dissected weight of the monkeys receiving phenobarbital was 3.7±0.13 kg compared to 3.5± 0.13 kg of 14 control monkeys similarly instrumented and restrained. The liver weights increased by 34%, from 156±6.2 g to 209±6.1 g (P <0.001), and the kidney weight increased by 39% from 28.9±1.2 g to 40.3±3.0 g (P < 0.05). There were no differences in other organ weights or statistically significant changes in heart rate, stroke volume, or arterial pressure; however, cardiac output did increase from 956±26 ml/min to 1,160±76 ml/min (0.05 < P < 0.1). Although there is no relationship between the hematocrit and cardiac output in this animal preparation (8), significant changes in the hematocrit were prevented by reinfusing all red blood cells after the plasma was separated for assay (Before, 28±1.1; after, 25.8±1.2; change, -2.2±1.6; P > 0.20).
After phenobarbital treatment, there was a significant 30% increase in total hepatic blood flow which resulted from the increase in portal venous blood flow. This increase in portal venous blood flow was a consequence of both an increase in the fraction of cardiac output distributed to the gastrointestinal, tract as well as the increase in cardiac output (Table I) . There was also an increase in blood flow to the brain which was proportional to the increased cardiac output.
Rate of change in antipyrine clearance. Antipyrine clearance did not change until after 3 days of phenobarbital treatment, but then increased as the phenobarbital concentration exceeded 10 ,Ag/ml, reaching a plateau by 7 days (Fig. 1) . The rate of increase in antipyrine clearance was closely paralleled by the increase in phenobarbital concentration in the two animals in which phenobarbital concentration was measured. These data suggest that the effects of phenobarbital were related to its plasma concentration and that a more rapid onset of effect might have been both antipyrine and d-propranolol (Fig. 2) were decreased, anid drug clearance increased (Table II) . The hepatic extraction of propranolol and the volume of distribution of both drugs were not significantly altered. The hepatic extraction of antipyrine was increased by pheniobarbital treatment, but due to the variability between animals, the change only reached borderline significance (P < 0.06).
DISCUSSION
The influence of phenobarbital on liver blood flow has been measured previously in the rat by using an indirect thermocouple technique; flow increases of 33-175% (mean 79%) were associated with a 27% increase in liver weight (2) . In the presenit study of the rhesus monkey, the change in liver weight was very similar (34%), and there was a proportional increase in liver blood flow. This increase in blood flow was due to a larger proportion of the cardiac otitptut being delivered to the splanchnic circulation, as well as to an increase in total cardiac output. It is of interest to note that the increase in liver blood flow was not primarily due to an increase in hepatic artery flow, but rather to an increase in flow to the gastrointestinal tract, in particular the small intestine, without any change in weight of these organs. This is consistent with the hypothesis that total liver blood flow is regulated by a myogenic mechanism, influencing the splanchnic arterial supply more than the hepatic artery, and that the control of the total flow is closely related to liver mass (13) .
This observation that phenobarbital pretreatment can increase hepatic blood flow suggests another potential mechanism for increasing drug clearance, in addition to enhancing the activity of the drug-metabolizing enzymes. The relative contributions of increased hepatic blood flow and enzyme induction, however, vary according to whether the elimination of the drug in question is ratelimited by enzyme activity or by hepatic flow, or is influenced by both. While the rates of elimination of both antipyrine and d-propranolol were considerably increased by phenobarbital, it will become apparent that the mechanism of the increased clearance is different for the two compounds. The precise relationships among drug clearance, hepatic blood flow, and the activity of the drug-metabolizing enzymes are best understood by considering a perfusion-limited pharmacokinetic model (3) . Assuming that (a) the drug is metabolized by a first-order process, (b) the hepatic venous blood is in equilibrium with drug in the liver, and (c) the volume of distribution of the drug does not alter, then the following relationship is valid:
Drug clearance = Flow X hepatic extraction ratio. Intrinsic metabolic clearance (Cm)1
Cm is a function of the first-order metabolic rate constant of the drug in the liver, the hepatic partition coefficient for the drug, and the volume of the liver. When the rate of delivery of a drug to its metabolizing enzymes is not rate-limiting, that is, when liver blood flow is considerably greater than the Cm, actual drug clearance approaches Cm. Thus, Cm represents an index of the activity of the drug-metabolizing enzymes under optimal conditions. The above relationship also indicates that, whereas liver blood flow and Cm are independent variables, actual drug clearance and the hepatic extraction ratio are interdependent variables. If actual drug clearance and liver blood flow are known, then Cm can be calculated, and from this, the change in actual clearance associated with any change in liver blood flow or Cm can be computed. In the present experiments, Cm values for both antipyrine and d-propranolol were calculated from liver blood flow and actual drug clearance before and after phenobarbital. The predicted relationship of actual drug clearance and liver blood flow at the calculated Cm before and after phenobarbital is shown in Fig. 3 . Antipyrine had an initially low Cm, resulting in a low actual drug clearance and hepatic extraction ratio at normal liver blood flow. After phenobarbital treatment, drug clearance increased considerably, largely as a result of an increase in the activity of the drug-metabolizing enzymes, which was reflected by the increase in Cm. Thus of the increase in anti- Table III . It is evident that the lower the initial Cm of the drug, the greater the effect of any given degree of enzyme induction on actual drug clearance will be. This is in contrast to the effects of flow changes, which will increase with the initial drug clearance. These model predictions are supported by the available data in the literature. Thus, the clearance of a drug with a high hepatic extraction, and therefore a high Cm relative to liver blood flow (e.g., lidocaine), is limited by liver blood flow because hepatic extraction changes very little (4, 5) ; whereas the clearance of a drug that has a low hepatic extraction, and therefore a low Cm (e.g., oxyphenbutazone), is less affected by flow because the hepatic extraction changes in the opposite direction, thus "dampening" the overall effect (6) . The clearance of propranolol, which has an intermediate extraction ratio in the monkey, is flowdependent (7), though not flow-limited. Importantly, these considerations seem also to apply to endogenously produced substances eliminated by the liver. Thus, the clearances of both aldosterone (15) and cortisol (16) have been shown to be flow-dependent.
The dependence of the effects of both enzyme induction and increased blood flow on the intrinsic ability of the liver to extract a given drug provides a ready explanation for the present effects of phenobarbital, which increases both enzyme activity and hepatic blood flow. This dual effect of phenobarbital will enhance the clearance of all drugs, but the dominant mechanism will depend on the initial ability of the liver to extract the drug. Enzyme induction will contribute relatively more to the increased clearance of low extraction substances, and the increase in liver blood flow will contribute relatively more to the enhanced elimination of high extraction substances. Thus the effects of phenobarbital cannot always be attributed to enzyme induction, especially in the case of high clearance compounds. For example, the enhanced clearance of indocyanine green, which has an initially high extraction ratio, (17) must be as much a result of enhanced flow as induction of a transport protein, ligandin (18). Thus, it is clear that a knowledge of a drug's hepatic extraction ratio is essential to the interpretation of drug interactions with phenobarbital, which involve increased hepatic blood flow as well as induction of both hepatic and extrahepatic drug-metabolizing enzymes.
